Studies of cichlid evolution have highlighted the importance of visual pigment genes in the spectacular radiation of the African rift lake cichlids. Recent work, however, has also provided strong evidence for adaptive diversification of riverine cichlids in the Neotropics, which inhabit environments of markedly different spectral properties from the African rift lakes. These ecological and/or biogeographic differences may have imposed divergent selective pressures on the evolution of the cichlid visual system. To test these hypotheses, we investigated the molecular evolution of the dim-light visual pigment, rhodopsin. We sequenced rhodopsin from Neotropical and African riverine cichlids and combined these data with published sequences from African cichlids. We found significant evidence for positive selection using random sites codon models in all cichlid groups, with the highest levels in African lake cichlids. Tests using branch-site and clade models that partitioned the data along ecological (lake, river) and/or biogeographic (African, Neotropical) boundaries found significant evidence of divergent selective pressures among cichlid groups. However, statistical comparisons among these models suggest that ecological, rather than biogeographic, factors may be responsible for divergent selective pressures that have shaped the evolution of the visual system in cichlids. We found that branch-site models did not perform as well as clade models for our data set, in which there was evidence for positive selection in the background. One of our most intriguing results is that the amino acid sites found to be under positive selection in Neotropical and African lake cichlids were largely nonoverlapping, despite falling into the same three functional categories: spectral tuning, retinal uptake/release, and rhodopsin dimerization. Taken together, these results would imply divergent selection across cichlid clades, but targeting similar functions. This study highlights the importance of molecular investigations of ecologically important groups and the flexibility of clade models in explicitly testing ecological hypotheses.
Introduction
Aquatic organisms contend with complex photic environments where incident brightness, depth, and turbidity affect the nature of light available for vision (Lythgoe 1979) . In fish species, aspects of visual pigment function, particularly wavelength of maximum absorbance (l max ), have been found to correlate with spectral environment, suggesting that the environment can impose selective pressures on the visual system (Bowmaker 1995) . This is especially evident in cichlid fishes, where molecular evolution and differential expression of visual pigment genes have been implicated in the adaptive radiation of the African rift lake taxa (Seehausen et al. 2008) . In these fishes, mutations causing shifts in l max of cone visual pigments are associated with depth and male nuptial coloration, promoting sympatric divergence of color morphs within cichlid populations through sensory drive Seehausen et al. 2008) and affecting ecological divergence during adaptive radiation (Spady et al. 2005; Terai et al. 2006; Miyagi et al. 2012) . African lake cichlids have thus emerged as a model system for the study of visual system molecular evolution (Spady et al. 2005; Carleton 2009; Nagai et al. 2011) , but studies to date have not incorporated analyses of any riverine lineages, potentially limiting our understanding of visual evolution of cichlids living in starkly different environments.
Neotropical cichlid fishes are ubiquitous throughout the ecologically varied riverine habitats of South and Central America (Reis et al. 2003; López-Fernández et al. 2012 , 2013 and are a monophyletic clade sister to the African cichlids (Stiassny 1991; Farias et al. 2000; Sparks and Smith 2004) . In contrast to the recent diversification of African cichlids, this group underwent ancient adaptive radiation in the rivers of South America López-Fernández et al. 2013) . Although Neotropical cichlids are almost exclusively riverine, there is a genus of Neotropical cichlids that has more recently radiated within Central American crater lakes (e.g., Barluenga et al. 2006) . Neotropical cichlids are less species-rich than African rift lake cichlids; however, they are characterized by high levels of morphological, ecological, and reproductive diversity, much like their African relatives (e.g., Wimberger et al. 1998; Barlow 2000; López-Fernández et al. 2012 , 2013 . Much of this diversity is represented in the tribe Geophagini: with 18 genera, this clade includes piscivorous species, substrate sifters, and water-column feeders, as well as species that mouth brood their young (e.g., López-Fernández et al. 2005 , 2013 . The riverine habitats of Neotropical cichlid fishes also exhibit stark contrasts in spectral quality with black, white, and clear water types that result in differential degrees of light attenuation among habitats (Sioli 1984; Cooke et al. 2012) . How these differences in water type and life history may have affected the evolution and ecology of vision in Neotropical cichlids, and how this compares with African lake and riverine cichlids, is not known.
Vision is initiated with the absorption of light by visual pigment complexes, which consist of a chromophore (retinal) covalently bound to an opsin protein (Wald 1968) , a member of the G protein-coupled receptor (GPCR) superfamily ). There are five major classes of visual opsins in vertebrates, each of which maximally absorbs a characteristic wavelength of light. Four classes of cone opsins mediate bright-light vision, whereas rhodopsin (RH1) mediates dim-light vision (Bowmaker 2008 ). Prior to this study, the only Neotropical cichlid in which visual pigment genes had been sequenced was the Trinidadian geophagine Crenicichla frenata , due to its relevance as a guppy predator (Houde 1997; Magurran 2005) . Crenicichla frenata was found to have only five opsin genes compared with the eight in African cichlids, and both rhodopsin and one cone opsin were found to be under positive selection . Previous work has also found that opsin genes are under varying selective pressures in African cichlids, including strong positive selection on rhodopsin (Spady et al. 2005; Sugawara et al. 2010) . Because the visual systems of Neotropical cichlids and African riverine cichlids have not been as well studied as the African rift lake cichlids, it is unclear whether the patterns of positive selection seen in C. frenata are due to differences in the selective pressure of lake and river habitats (ecology) or differences in phylogenetic and/or geographic history between African and Neotropical clades (biogeography).
Codon-based likelihood models, which have been the target of much recent development (reviewed in Anisimova and Kosiol 2009) , have proven extremely useful in examining selective pressures in a variety of systems (Yang et al. 2000; Swanson et al. 2001; Fay and Wu 2003; Bakewell et al. 2007; Briscoe et al. 2010; Shen et al. 2010; Khan et al. 2011; Moury and Simon 2011; Yang and dos Reis 2011; Rennison et al. 2012) . Increasing attention, however, has been directed to testing for divergent selection among clades using either branch-site models (Spady et Veilleux et al. 2013) or clade models (Zhao et al. 2009; Yoshida et al. 2011; Chang 2012a, 2012b) . Although the use of the branch-site test in identifying instances of episodic selection along prespecified lineages has been extensively tested (Yang and dos Reis 2011) , its use for detecting divergent selection among clades has not been evaluated and rarely has the same data set been examined using both the branch-site and clade models (Yoshida et al. 2011) .
Recent criticisms of codon-based likelihood models have suggested that certain positively selected sites have no functional significance (Yokoyama et al. 2008 ). This criticism was specific to an analysis of selection in rhodopsin and assumed that spectral tuning was the only aspect of rhodopsin function that could be under positive selection. Rhodopsin, however, provides a unique opportunity to explore a variety of functions of positively selected sites because its crystal structure has been resolved in a number of conformations, including both inactive and active states (Palczewski et al. 2000; Choe et al. 2011) . Moreover, rhodopsin has been experimentally studied in detail for many functional aspects other than simply spectral tuning, for example, thermal stability (Janz et al. 2003; Yan et al. 2002) , retinal uptake and release rates Hunt et al. 2009; Piechnick et al. 2012) , and physicochemical properties of ultrafast retinal isomerization (Prokhorenko et al. 2006; Gozem et al. 2012) . Applying this extensive body of research on rhodopsin structure and function to the study of positively selected sites in cichlids will provide new insights into the adaptive evolution of visual pigments in these fish.
To begin investigating evolutionary differences between African and Neotropical cichlid visual pigments, we sequenced rhodopsin (RH1) from 30 species of Neotropical riverine cichlid, as well as two African riverine species, and compared them with available sequences for African cichlids and C. frenata. We hypothesize that differences in biogeographic history and/or ecological differences between lake and river habitats among Neotropical riverine, African riverine, and African rift lake cichlids may have resulted in divergent selective pressures on the rhodopsin gene. To test this hypothesis, we used a variety of codon-based sites and branch models of molecular evolution, including recently developed multiclade models (Yoshida et al. 2011) , as well as newly implemented improvements to existing models Weadick and Chang 2012a) , and compared the results from the various methods. Models that incorporate independently estimated rates of synonymous substitutions were also utilized to determine what effect, if any, the addition of variable synonymous rates had on the results. This collection of models was used to explicitly test for differences in selective pressure between African and Neotropical clades and between lake and river habitats.
two African riverine cichlids. In addition to this, 38 African lake and riverine cichlid sequences, the sequence from the Neotropical river cichlid C. frenata, as well as sequences from eight noncichlid outgroups, were obtained from Genbank (supplementary table S1, Supplementary Material online).
Results from the phylogenetic analyses of the complete RH1 alignment (cichlids and eight outgroup taxa; fig. 1 , supplementary figs. S1 and S2, Supplementary Material online) were generally congruent with accepted species relationships for Neotropical (Smith et al. 2008; López-Fernández et al. 2010) , African river (Schwarzer et al. 2009 ), and African lake cichlids (Genner and Turner 2012; Muschick et al. 2012; Wagner et al. 2013) . The Bayesian and maximum likelihood (ML) topologies were similar, but not identical, especially with regard to the topology of some of the African lake species, which have very short branch lengths (supplementary figs. S1 and S2, Supplementary Material online). Both results were used in subsequent analyses to confirm the robustness of the results to minor changes in topology.
Molecular Evolutionary Analyses
To explore variation in selective pressure among cichlid rhodopsins, we used codon-based models of evolution as implemented in PAML (Yang 2007) and HYPHY on various data subsets (and partitions) that reflect differences in ecology and/or biogeographical history: lake/river, African/Neotropical (see Materials and Methods for details). The random sites PAML models confirmed that there is variation in ! (the ratio of nonsynonymous to synonymous substitution rate, d N /d S ; M3 vs. M0, P < 0.0001 , table 1, supplementary tables S2 and S3, Supplementary Material online) for all alignment subsets, as expected for functional protein coding genes. These models also found significant evidence for a positively selected class of sites (M2a vs. M1a, M7 vs. M8, P < 0.0001; table 1, supplementary tables S2 and S3, Supplementary Material online) for all subsets except African riverine cichlids under the Bayesian topology, with ! values significantly greater than 1 (M8 vs. M8a, P < 0.0001; table 1, supplementary tables S2 and S3, Supplementary Material online). Under the ML topology, the African river subset was also found to be under significant positive selection (M2a vs. M1a, and M8 vs. M7 and M8a, P < 0.05; supplementary table S3, Supplementary Material online). The two topologies only differed in the location of a single African river taxon (Tilapia guineensis), but our sample size for African riverine cichlids was small (n = 8) and thus small changes in topology likely had a disproportionate effect. The PARRIS test (Scheffler et al. 2006) , which is similar to the M2a vs. M1a comparison, but allows variation in synonymous rates (d S ), was also significant in all cases, except for African river subset, confirming that variation in d S did not affect our inferences of positive selection in cichlids (supplementary tables S4 and S5, Supplementary Material online).
African lake cichlids had the highest level of ! for the positively selected site class (13.69/14.37 in 7.1/6.6% of sites with the Bayesian/ML topologies, respectively, under M8), whereas Neotropical cichlids had a lower, but still significantly positive, value (3.60/3.66 in 5.0/4.9% of sites with the Bayesian/ML topologies, respectively, under M8; table  1, supplementary table S3 , Supplementary Material online). African river cichlids showed a pattern of positive selection intermediate between this (! of 2.78/3.07 at 7.1/6.9% of sites for the Bayesian/ML topologies, under M8). It is interesting to note that the strength of positive selection was similar between African river cichlids and Neotropical cichlids but that the proportion of sites under positive selection was more similar between African lake and African river cichlids. A previous study of rhodopsin in African rift lake cichlids and a single African riverine outgroup reported 6.9% of sites under positive selection, with an average ! value of 14.07 (M8; Spady et al. 2005) , which is very similar to our findings. Overall ! values for cichlid rhodopsin are quite high (M0, 0.25) compared with typical values found in ray-finned fish rhodopsins (! = 0.07-0.08; Rennison et al. 2012) and even protein coding genes in general (! = 0.08-0.18; Fay and Wu 2003) . Instead, they are similar to values found for genes known to be under strong positive selection such as human MHC and reproductive proteins (Swanson et al. 2001) .
Despite the high levels of positive selection found in this data set, branch-site and clade model analyses did not reveal evidence for a burst of selection occurring along the lineages leading to the diversification of the major clades (cichlids, African cichlids, and Neotropical cichlids; supplementary table S6, Supplementary Material online). The only significant result was found using the branch-site model on the lineage leading to the African cichlids as foreground; the clade model C (CmC) test on the same branch was not significant. Furthermore, the null model for CmC, M2a_rel, was found . This may be due to the fact that branch-site models do not allow positive selection in the "background," which is likely to be the case for this data set. Together, these results indicate that the divergent selective pressures found using the random sites models was not driven by selection as each group invaded a new environment. This suggests that instead positive selection was acting within each clade during its diversification. CmC (Bielawski and Yang 2004 ) was used to analyze variation among clades. Specifically, we used this model to test for divergent selection by partitioning the data into biogeographic (African, Neotropical) or ecological (lake, river) groupings ( fig. 1) . In all cases, allowing for divergent selection resulted in a significant improvement over the null model (P < 0.0001, for all tests ; table 2 and supplementary table S7 , Supplementary Material online), confirming that there is significant divergent selective pressure between cichlids and the outgroups, and within cichlid groups. Comparison with a null model in which the divergent site class was constrained to equal one confirmed the presence of significant positive selection in all cases, except for the most heavily partitioned models (supplementary table S8, Supplementary Material online). Because we are interested in comparisons among models that partition the data along different ecological/ biogeographic boundaries, we used the novel approach of comparing the results of different levels of partitioning to each other using likelihood ratio tests (LRTs), for those models that were fully nested, and by AIC, for those that were not, to determine which method of partitioning resulted in a better fit to the data. Among all clade models with two partitions, the best-fitting model was found to be the one that partitioned African lake cichlids from all other taxa ( The gene tree from the full RH1 alignment was pruned to contain only Neotropical cichlids (Neo), African river cichlids (AfR), and African lake cichlids (AfL).
b ! values of each site class are shown for models M0-M3 (! 0 -! 2 ) with the proportion of each site class in parentheses. For M7-M8, the shape parameters, p and q, which describe the beta distribution are listed. In addition, the ! value for the positively selected site class (! p , with the proportion of sites in parentheses) is shown for M8a (where ! p is constrained to equal one) and M8.
online). This is not surprising due to the extremely high ! found for African lake cichlids in the random sites analysis, although the ! estimated from the clade model was lower (11.91/12.49, Bayesian and ML, respectively; supplementary table S7, Supplementary Material online), likely due to the constraint on the proportion of sites in the divergent site class among partitions. The best three-partition model was a division between lake cichlids, river cichlids, and outgroups, and this was a significantly better fit than the two partition African lake model (P < 0.0001, supplementary table S7, Supplementary Material online). Adding an additional partition to divide the African river cichlids, African lake cichlids, Neotropical cichlids, and outgroups from each other was not a significantly better fit than the lake, river, outgroup model. This agrees with the findings of our random site analyses where the Neotropical and African river cichlids were found to have similar levels of positive selection, compared with the much higher levels found in African lake cichlids. Thus, the three-partition lake, river, outgroup was the best fitting model suggesting that ecological differences between lake and river habitats, rather than biogeographic factors, may have been the cause of divergent selective pressures among cichlids. However, future studies with additional taxonomic sampling of African riverine species and other Neotropical cichlid clades, especially Neotropical lake cichlids, may reveal more complicated patterns than suggested by our current data. As recent studies have increasingly used branch-site models to study the evolution of multiple lineages or even entire clades (e.g., Spady et al. 2005; Ramm et al. 2008; Yoshida et al. 2011; Smith et al. 2012; Badouin et al. 2013; Veilleux et al. 2013 ), we performed the same two-partition tests (cichlid, African cichlids, African lake cichlids, and Neotropical cichlids, partitioned from the rest of the taxa) that were done with CmC using the branch-site model. The branch-site model cannot contain more than two partitions, so we could not replicate our higher partitioned tests. Each of the twopartition branch-site models was found to fit significantly better than the null model (P < 0.0001, table 3, supplementary table S9, Supplementary Material online) and the African lake partition was found to be the best-fitting branch-site model, similar to the CmC analysis. However, the CmC lake, river, outgroup partitioned model was still the overall bestfitting model by AIC comparison. This is likely due to the branch-site model not being able to accommodate more than two partitions and not allowing for positive selection in the background, which appears to be the case for this data set. In all cases, the fits of the CmC models were better than those of the branch-site models (although only very slightly The difference in AIC values was calculated compared with the overall best-fitting model, R/L, with an AIC of 12,618.14.
for the African lake partition), and in three of the five cases, the fit of the branch-site model was worse than that of the random sites model (M2a/M2a_rel), which does not allow among-lineage variation (table 3, supplementary table S9 , Supplementary Material online). These results highlight the weaknesses of the branch-site model when there is positive selection in the background and how a suboptimal model can be chosen by this method.
Positively Selected Sites
To examine the potential aspects of rhodopsin function that were under positive selection in cichlids, positively selected sites were identified from the random sites analyses of the African river, African lake, and Neotropical data subsets. We found 18 positively selected sites in Neotropical cichlids, 5 in African river cichlids, and 26 in African lake cichlids, identified with a posterior probability of at least 80% (or P value < 0.1) in the M8 (PAML) and FUBAR (HYPHY) models (table 4,  supplementary table S10, Supplementary Material online) . Surprisingly, the positively selected sites in African lake and Neotropical cichlids were largely nonoverlapping with only five of the sites shared between the two groups (table 4, supplementary table S10, Supplementary Material online). The positively selected sites in African river cichlids consisted of three sites shared with African lake cichlids and two sites unique to African river cichlids. It is intriguing that some of the sites under positive selection appear to be similar between African river and African lake species but that the strength of selection is similar between African river and Neotropical cichlids, suggesting that perhaps selective pressures are influenced more strongly by environmental factors, whereas the particular sites under positive selection are influenced by the evolutionary history of the protein. However, our sample size for African river cichlids is quite small, and this reduces both our power to detect positively selected sites and our reliability in the sites detected. Inclusion of African river sites detected by the less stringent REL model reveals two sites shared with Neotropical cichlids to the exclusion of African lake cichlids, and thus it is likely that additional sampling will reveal a more complex pattern of sites under positive selection.
Other models implemented in PAML (M2, M8) and HYPHY (REL, FUBAR, FEL) showed similar results for the identification of positively selected sites (supplementary tables S11-S13 and fig. S3 , Supplementary Material online). Overall, the REL model found the largest number of positively selected sites, with the highest posterior probabilities, followed by FUBAR, M8, M2a, and then FEL (supplementary tables S11-S13 and fig. S3 , Supplementary Material online). Some sites were identified by only the PAML models or the HYPHY models (table 4, supplementary tables S11-S13, Supplementary Material online). Sites identified as positively selected by HYPHY (FUBAR), but not PAML (M8), were assigned to the positively selected site class in M8 but with low posterior probability. Conversely, where M8 found sites that FUBAR did not, the ! levels estimated by FUBAR tended to Minimum overall AIC (African Lake partition of CmC; 12,620.6) was used for all comparisons. Abbreviations-np, number of parameters; ln L, ln likelihood; , transition/transversion ratio; df, degrees of freedom; NA, not applicable. be slightly greater than one but with elevated d S values. However, elevated d S driving an increase in ! did not appear to be the sole reason for detection of positive selection by M8, because these same sites, with one exception, were found by REL, which allows for variation in d S .
Here, we map the sites found by the M8 and FUBAR analyses on African lake and Neotropical cichlids onto the crystal structure of both the dark-state and meta-II conformations of rhodopsin (Palczewski et al. 2000; Choe et al. 2011 ) and discuss their relevance in light of published results of sitedirected mutagenesis studies of rhodopsin function.
We found that the positively selected sites map to regions in rhodopsin that are associated with both spectral and nonspectral properties and fall into several functional categories including spectral tuning, retinal entry/exit, and receptor dimerization (table 4, supplementary table S10 , Supplementary Material online). Although the sites were largely nonoverlapping between African lake and Neotropical cichlids, both clades had positively selected sites in each of the functional categories.
Several of the sites found to be positively selected in African lake and Neotropical cichlids have been identified by site-directed mutagenesis studies to affect spectral tuning in cichlids and other taxa. Two sites were positively selected only in African lake cichlids (83, 292), one in only Neotropical cichlids (124), and one in both groups (299). At site 292, mutation from Ala to Ser has been shown to cause a >10 nm blue shift in African lake cichlids, including a similar red shift for the reverse mutation (Sugawara et al. 2005) . Mutation studies in bovine rhodopsin, which also show a large blue shift for A292S, demonstrate the consistent effects of this mutation (Fasick and Robinson 1998; Lin et al. 1998; Janz and Farrens 2001) . In our data set, four African lake species were found with S292, whereas other African lake and all Neotropical and African river cichlids had A292. Mutagenesis analyses have shown that D83N causes a 2-8 nm blue shift in African lake cichlids (Sugawara et al. 2005 ) and a small, variable blue shift in bovine rhodopsin (Janssen et al. 1990; Nathans 1990; Fahmy et al. 1993; Weitz and Nathans 1993; Fasick and Robinson 1998; Breikers et al. 2001; Nagata et al. 2002) . At site 83, African lake cichlids primarily have Asp, but three species were found with Asn. In Neotropical cichlids, however, all species except for the basal Retroculus xinguensis had Asn, and all African river cichlids have Asp. Although the N83 mutation is sometimes found in conjunction with S292 (Sugawara et al. 2010 ), this was not the case here. Site 124 was positively selected in Neotropical cichlids and varied between Ser, Ala, and Gly. Variation between these three residues has been proposed to be associated with changes in spectral tuning of rhodopsin through analysis of natural variation in deep-sea fish (Hunt et al. 2001) . Although site-directed mutagenesis has not been performed between Ser, Ala, and Gly, the mutations A124R and A124T in bovine rhodopsin did result in small blue shifts (Garriga et al. 1996; Lin et al. 1998 ) confirming that changes in polarity at this site can affect spectral tuning. In African lake and river cichlids, this site is conserved as Gly. Both African lake and Neotropical cichlids were positively selected at site 299 and both with variation between Ala and Ser. Mutagenesis studies in bovine rhodopsin have found that A299S resulted in a 2 nm red shift (Fasick and Robinson 1998) , and studies of natural variation in cetacean rhodopsins have associated this same mutation with a 5 nm red shift (Bischoff et al. 2012) . African river cichlids are conserved at site 299 with Ser. A number of sites adjacent to the entry/exit channels for retinal into the binding pocket were found to be under positive selection as well ( fig. 2) . The structures of the activated opsin , G protein-interacting , and meta-II state (Choe et al. 2011 ) have revealed a channel through the protein that is thought to provide access to the chromophore binding pocket, with openings into the lipid bilayer between helices I and VII and between helices V and VI ). Current theories suggest that retinal traverses through this channel unidirectionally (Schadel et al. 2003; Hildebrand et al. 2009 ), with helices V and VI providing the opening for retinal release (Wang and Duan 2011) . Positively selected sites adjacent to the entry/exit channels show variation in size and polarity in both African lake and Neotropical cichlids (table 4, supplementary table  S10 , Supplementary Material online). However, this variation is found at different sites in the two groups. As illustrated in figure 2 , the positively selected sites 41 and 42 in African lake cichlids and 286 and 287 in Neotropical cichlids are adjacent to the opening between helices I and VII (retinal channel A), and sites 213 in African lake cichlids, 274 in Neotropical cichlids, and 270 in both groups are adjacent to the opening between helices V and VI (retinal channel B). Variation in size and polarity at these sites could affect the size and shape of the channels and thus the ability for retinal to enter and exit the binding pocket through steric effects or changes in polarity (Chen et al. 2012 ). The side chain of residue 286, in particular, points directly into channel A, and shows Val/Ile variation in Neotropical cichlids ( fig. 2 ; supplementary table S10, Supplementary Material online). The additional methyl group in Ile could potentially hinder the passage of retinal and may be a good target for future mutagenesis studies aiming to determine the direction of retinal passage. The other positively selected sites are directly adjacent to the residues lining the openings ( fig. 2) , and therefore, variation at these sites could also affect retinal uptake or release.
The final functional category under positive selection pertains to rhodopsin sites thought to be involved in dimerization ( fig. 3) . Rhodopsin is known to form dimers and higher order oligomeric interactions in vivo (Fotiadis et al. 2003; Jastrzebska et al. 2006) . Modeling studies suggest that the closest contact between monomers occurs between transmembrane helices IV and V ; though a recent study has found that there may also be important intermolecular contacts between helices I and VIII mediated by C316 in native disk membranes (Knepp et al. 2012) . Positively selected sites found on the modeled dimerization interface are illustrated in figure 3 and fall in two distinct clusters in African and Neotropical cichlids, respectively, with a third small cluster that is positively selected in both. A single site on the dimerization interface was positively selected in African river cichlids. These sites either vary between smaller and larger hydrophobic residues or between hydrophobic and polar residues and are highly conserved in the group in which they are not positively selected (supplementary table S10, Supplementary Material online). Site 156, in particular, shows substantial size variation between Gly and Phe. Although the positively selected sites were not identified as being directly involved in binding (Guo et al. 2005; Fotiadis et al. 2006 ), the precise nature of the dimeric interface is not known (Morris et al. 2009; Lohse 2010) , and the sites in each group are tightly clustered together facing the opposing rhodopsin partner ( fig. 3) , which is certainly suggestive of a function in dimerization. It is possible that these substitutions affect the affinity between members of a rhodopsin dimer or the density of rhodopsin packing, although it is not clear what effect this would have for the visual sensitivity or acuity of the animal.
Discussion
Through targeted rhodopsin sequencing and molecular evolutionary analyses, we have found evidence for positive selection in both Neotropical and African cichlid rhodopsins. We have also found evidence which suggests that divergent selective pressures on this gene may have been caused by ecological differences in lake and river habitats. We found that clade models were sufficient to detect divergent selective pressures among cichlid groups, but that the commonly used branch-site models did not perform as well, due to violation of the key assumption of no positive selection in the background. Positively selected sites in rhodopsin identified by random sites analyses were associated with three main functions: spectral tuning, chromophore entry and exit, and rhodopsin dimerization. Surprisingly, these sites were largely nonoverlapping between African lake and Neotropical cichlids, but both groups had positively selected sites in each functional category. Here, we discuss our results in light of the evolution and ecology of cichlid fishes and also assess the methodological implications of our findings.
Positive selection on rhodopsin in Neotropical cichlids was expected given the wide variety of niches and environments these fish occupy, but the strength of the evidence is remarkable given that positive selection in African rift lake opsin genes is closely linked to both sexual dimorphism (Terai et al. 2006; Miyagi et al. 2012 ) and very recent adaptive radiation (Spady et al. 2005) , neither of which is the case in Neotropical cichlids (López-Fernández et al. 2010 , 2013 . This suggests that ecological differences over long time scales are sufficient to drive detectable positive selection in the rhodopsin of cichlid fishes and indicates that visual system evolution may be important for cichlid adaptive diversification not only in the African rift lakes.
The African rift lake cichlids encompass most of the family's diversity and are under the highest levels of positive selection on rhodopsin. The African and Neotropical riverine cichlids, although less diverse than the African rift lake cichlids, all showed evidence of positive selection, albeit at lower levels than their African lake counterparts. The results of the clade analyses support the hypothesis that differences in selective pressures among clades may be due to ecological differences between lake and river habitats. Lake environments are highly variable in terms of spectral quality but are also strongly partitioned with respect to habitat. As African cichlids invaded the rift lakes and diversified, specializing in various micro-habitats (reviewed in Danley and Kocher 2001) , varying light levels within these habitats may have provided the opportunity for strong positive selection on visual pigments to adapt to new environments. This divergent selection on the visual system, and the associated divergence in male coloration within the rift lakes, likely promoted rapid and extensive speciation through sensory drive (Seehausen et al. 2008) . Until recently, low rates of diversification in African riverine cichlids have been hypothesized to be due to temporal instability of African riverine habitats and interpreted as evidence of reduced adaptive speciation, favoring the idea that African riverine cichlid diversification resulted predominantly from vicariance events (Joyce et al. 2005; Katongo et al. 2005 Katongo et al. , 2007 . Recent work, however, has started providing strong evidence for adaptive diversification in riverine cichlids both in African (Koblmüller et al. 2008; Schwarzer et al. 2011 Schwarzer et al. , 2012 and Neotropical cichlids (Piálek et al. 2012; López-Fernández et al. 2013; Arbour and López-Fernández 2013) . Both Neotropical and African riverine environments contain markedly different water types (e.g., Lamboj 2004; Albert and Reis 2011) with spectral quality characterized by black (transparent but stained with tannins), white (turbid, with high amounts of dissolved solids), or clear (transparent, with low amounts of dissolved solids) water that create differential degrees of light attenuation among habitats (Sioli 1984; Cooke et al. 2012 ). These differences may have influenced selection on the dim-light visual pigment rhodopsin because the amount and quality of available light can differ dramatically across habitats. However, future studies that incorporate additional sampling of African riverine cichlids, as well as Central American crater lake cichlids, may reveal more complex patterns, which would alter our current ecological interpretations.
Coincident with divergent selective pressure between lake and riverine cichlids, there is also divergence in the identities of sites under positive selection between African lake cichlids and Neotropical riverine cichlids. Although the positively selected sites were largely nonoverlapping between the African lake and Neotropical cichlid groups, they did fall into the same three functional categories. Thus, although there is divergence between the strength of selection between the two groups, it is unclear if there is a divergence or convergence of function in the positively selected sites. Different substitutions at the molecular level may yield similar adaptive functions as a response to environmental pressures. Amino acid substitutions can produce general, nonlocal effects on rhodopsin function (Piechnick et al. 2012) , and substitutions at different sites can have convergent effects on function (e.g., Hunt et al. 2001; Takenaka and Yokoyama 2007) . Interestingly, African river species shared three positively selected sites with African lake species, and none with Neotropical river species, although African river species suffer from a small sample size, and only five positively selected sites were detected. This suggests that, at least in this case, the strength of the selection may be influenced more strongly by environmental or ecological factors (lake vs. river), whereas the particular sites under positive selection might be more influenced by the evolutionary history of the protein. It follows that the same functional changes may be selected for in each environment, but on different sites as dictated by the protein background. This opens an interesting avenue for future research where the functional changes associated with positive selection are experimentally tested.
Rhodopsin spectral tuning sites have frequently been found to be a target of selection in aquatic organisms (e.g., Fasick and Robinson 2000; Hunt et al. 2001; Larmuseau et al. 2010; Sivasundar and Palumbi 2010) . In our cichlid data set, a number of positively selected sites have been previously found to be important for spectral tuning in site-directed mutagenesis studies. Site 292, which was positively selected in African lake cichlids, likely plays a role in adaptation to blue-shifted waters in deep-dwelling African lake species (Sugawara et al. 2005 (Sugawara et al. , 2010 Nagai et al. 2011) , as well as in deep-sea fish (Hunt et al. 2001) . Interestingly, the D83N substitution has also been noted frequently in deep-water dwelling organisms (Hunt et al. 1996 (Hunt et al. , 2001 Hope et al. 1997; Fasick and Robinson 2000) , including cichlids from the deepest regions of the African rift lakes (Sugawara et al. 2005 (Sugawara et al. , 2010 . Substitutions at both sites, D83N and A292S, have recently been shown to also increase the speed of production of rhodopsin's active meta-II state upon photoactivation in deep water cichlids (Sugawara et al. 2010) , as well as affecting the rate of retinal release ), which suggests a potential adaptive role in light-limiting environments by increasing the stability of meta-II.
In addition to substitutions that shift the l max of rhodopsin, we identified positively selected sites that may be influencing nonspectral properties of rhodopsin such as the passage of retinal through the protein and the dimerization interface between rhodopsin monomers. Variation at positively selected sites lining the retinal channels in cichlids may alter either the uptake of 11-cis-retinal during regeneration or the release of all-trans-retinal during meta-II decay (Chen et al. 2012; Piechnick et al. 2012 ). Mutations at highly conserved sites around both channel openings in bovine rhodopsin have been shown to dramatically alter retinal uptake and release (Piechnick et al. 2012) . This may affect the rate of recovery in photoreceptors, and potentially be an adaptation for increased visual sensitivity or dark adaptation, particularly at low bleaching levels (Ala-Laurila et al. 2006) . Similarly, sites that affect the rhodopsin dimerization interface are likely to affect visual sensitivity, as dimers are thought to enhance transducin activation Jastrzebska et al. 2013) . Studies in other GPCRs have shown that heterodimerization can affect various aspects of protein function, such as ligand binding (reviewed in Lohse 2010) . Altogether, our findings suggest that visual protein evolution may have played an important role in the diversification of riverine cichlids in the Neotropics and highlight the importance of investigating natural sequence variation in organisms from varied environments in studies of protein evolution.
Methodological Implications
In this study, we combined several different codon-based likelihood methods to explore biogeographic and ecological hypotheses of rhodopsin evolution in cichlid fishes. Random sites models were used to determine selective pressures acting on each cichlid group and to identify individual sites under positive selection, whereas branch-site and clade models were used to localize the effects of positive selection, either to the branch leading to a clade or to the clade itself, and to test for divergent selective pressures. We argue that the combination of these methods uncovers patterns of variation not apparent when different models are used in isolation and that clade models generally performed better for our data set than branch-site models.
The branch-site model was originally designed to test for an episode of positive selection along particular branches in an otherwise conservatively evolving background Zhang et al. 2005) . These tests assume that there is a category of sites that switches from neutral or purifying selection to positive selection on a specific branch. Although the use of the branch-site model for this purpose has been shown to be statistically robust (Zhang et al. 2005; Yang and dos Reis 2011) , the use of this model to test for divergent selection between clades is becoming increasingly popular (Spady et al. 2005; Ramm et al. 2008; Yoshida et al. 2011; Smith et al. 2012; Badouin et al. 2013; Veilleux et al. 2013 ). However, this method was not designed for this purpose and can produce false positives when its assumptions are violated (Suzuki 2008) . For example, if the assumption of the branchsite test that there is no positive selection in the background is violated (as was the case for the data presented here), the alternative model allowing positive selection in the foreground may fit the data better, even if there are positively selected sites throughout the phylogeny, leading to falsepositive results (Zhang et al. 2005; Suzuki 2008; Yoshida et al. 2011) . Clade models, which were designed to detect sites that vary in the strength and form of selection among clades (Bielawski and Yang 2004; Weadick and Chang 2012a) , do not suffer from these limitations, and we found that they performed better in our data set, which showed clear evidence of positive selection in the background. A potential limitation of CmC is that it tests for divergent selective pressures rather than positive selection. This issue can be overcome by constraining the clade model's divergent site class to equal one and comparing the results with an unconstrained CmC using an LRT as suggested by Chang et al. (2012) , thus making it an explicit test of positive selection in the context of divergent selection between clades. On the basis of our results, we recommended the use of CmC over the branch-site model in data sets where there is likely to be variation in the strength of selection in the background.
CmC is a powerful method for detecting divergent selective pressures among clades. With the addition of multiclade models (Yoshida et al. 2011 ) and the approach of comparing successive clade partitions with LRTs introduced here, it is possible to test various evolutionary and ecological hypotheses, explore different models, and determine which best fits the data. Here, we used a priori knowledge of cichlid evolution and ecology to formulate hypotheses of divergent selective pressures in cichlid rhodopsin based on their ecology and biogeographic history, which were then tested using a combination of random sites, branch-site, and clade models of evolution. Using this approach, we found that a clade model incorporating divergent selective pressures resulting from ecological differences in lake and river habitats best fit our cichlid rhodopsin data set. In general, although the clade models were best suited for testing for divergent selective pressures among clades, it was useful to combine them with random sites models to determine if the positively selected sites were different in the lake and river habitats, as well as with structure/function analysis of the positively selected sites to infer whether their effects on function might also differ between clades.
Conclusions
African rift lake cichlids have emerged as a model system for the study of visual ecology and speciation by sensory drive due to their recent and extensive diversification into varied lake environments (Seehausen 2006; Terai et al. 2006; Seehausen et al. 2008; Miyagi et al. 2012) . It has been hypothesized that niche partitioning along light gradients in lake habitats coupled with sexual selection for male nuptial coloration has resulted in positive selection in African lake cichlid visual pigments and contributed to their extensive diversification (Seehausen et al. 2008 ). Here, we have shown that Neotropical cichlids, which mainly inhabit river environments, also show strong positive selection on the dim-light visual pigment, rhodopsin. Furthermore, we have shown that selective pressure on rhodopsin in lake and river habitats is divergent both in terms of the strength of selection and the individual sites under selection. It is important to note that divergent sites can affect similar aspects of function, based on current understanding of rhodopsin structure and function; this would certainly be an interesting avenue of future experimental research. Our analyses were greatly strengthened by an understanding of the ecological and biogeographic processes shaping the evolution of cichlids, which allowed us to formulate and test a priori hypotheses in the context of sites and lineage-specific likelihood models of evolution. Our approach combined random sites with clade models of evolution, using LRTs between successive partitions; this allowed us to determine that a model incorporating divergent selection between lake and river habitats best fit our data and to identify individual sites under positive selection in different ecological groups. The branch-site test, which is becoming increasingly popular for examining divergent selective pressures between clades, was found to perform poorly in this context. Our study demonstrates the advantages in combining different methods to investigate molecular evolution in biological systems, particularly in genes strongly tied to ecology, and emphasizes the importance of studies incorporating natural sequence variation in organisms from varying environments.
Materials and Methods

Opsin Sequencing and Data Set Preparation
Rhodopsin was amplified from tissue samples (muscle or fin) obtained from the Ichthyology collection at the Royal Ontario Museum for one to three individuals of 32 cichlid species. This included Neotropical riverine cichlids with at least one species from each genus in the tribe Geophagini, except Acarichthys, and three species basal to Geophagini (R. xinguensis, Cichla temensis, and Chaetobranchus flavescens), as well as the basal African riverine cichlids Heterochromis multidens, Hemichromis fasciatus, and Chromidotilapia guntheri (López-Fernández et al. 2010) . DNA was extracted using standard phenol/chloroform extraction protocols, and an 859 base pair fragment of rhodopsin was amplified using the primers 193F (CNTATGAATAYCCTCAGTACTA) and Rh1039R (CCRCAGCACARCGTGGTGATCA) (Chen et al. 2003) . Polymerase chain reaction was performed using standard cycling conditions. Fragments were visualized on agarose gels and extracted using a QIAquick Gel Extraction Kit (QIAGEN). Fragments were cloned into the pJET 1.2 cloning vector (Fermentas), cultured in liquid media, and isolated using GeteJET Plasmid Miniprep Kit (Fermentas). Three to four clones were sequenced per individual. Sequencing was performed in the forward and reverse directions using a 3730 Analyzer (Applied biosystems). Sequences were assembled, manually trimmed, and edited in Sequencher 5.0.4.9 (Genecodes) to produce a consensus sequence for each species. Additional cichlid rhodopsin sequences were obtained from Genbank and include all RH1 sequences available from African riverine cichlids (six additional species) as well as representatives from Lakes Malawi, Tanganyika, and Victoria (32 species). Sequences were also obtained from eight species found within the same major percomorph clade as cichlids (Ovalentaria) to act as outgroups for phylogenetic and molecular evolutionary analyses (Near et al. 2013) . Sequences were aligned using PRANK (Löytynoja and Goldman 2005) . Prior to molecular evolutionary analyses, the alignment was pruned to the length of the average Neotropical rhodopsin sequence. Species list and accession numbers for all sequences used in the study are provided in supplementary table S1, Supplementary Material online.
Phylogenetic Analyses
Rhodopsin gene trees were estimated in MrBayes 3 (Ronquist and Huelsenbeck 2003) using reversible jump Markov chain Monte Carlo with a gamma rate parameter (nst = mixed, rates = gamma), which explores the parameter space for the nucleotide model and the phylogenetic tree simultaneously, and by ML using PhyML 3 (Guindon et al. 2010 ) under the GTR + G + I model with a BioNJ starting tree, the best of NNI and SPR tree improvement, and aLRT SH-like branch support (Anisimova and Gascuel 2006) . The Bayesian analysis was run for 5 million generations with a 25% burn-in. Convergence was confirmed by checking that the standard deviations of split frequencies approached zero and that there was no obvious trend in the log likelihood plot.
Molecular Evolutionary Analyses
To estimate the strength and form of selection acting on rhodopsin, the alignment, along with the Bayesian gene tree, was analyzed with the codeml program from the PAML 4 software package (Yang 2007 ) using the random sites models (M0, M1a, M2a, M3, M7, M8a, and M8), branch-site model, and CmC. The random sites and CmC analyses were repeated with the ML gene tree to ensure that minor changes in topology did not significantly alter the results. Because PAML does not incorporate rate variation in synonymous sites (d S ), we also analyzed the data using the HYPHY ) REL, FEL, FUBAR, and PARRIS models (Kosakovsky Pond and Frost 2005; Scheffler et al. 2006; Murrell et al. 2013 ) implemented on the Datamonkey webserver (Delport et al. 2010) , which are similar to the PAML random sites models, but allow for an independently estimated d S . Three different subsets of the RH1 data set were analyzed with the random sites models of PAML and HYPHY to assess differences in selective pressure among the various groups. These subdivided data sets contained 1) only Neotropical cichlid RH1 sequences, 2) African riverine cichlid sequences, and 3) African lake cichlid sequences.
Comparisons between the PAML random sites models were used to test for variation in ! (M3 vs. M0) and for the presence of a positively selected class of sites (M2a vs. M1a and M8 vs. M7 and M8a). All analyses were run starting with the branch lengths estimated by MrBayes (or PhyML, as appropriate) for the complete RH1 gene tree and repeated at least four times with varying initial starting points of (transition to transversion rate ratio) and ! to avoid potential local optima. The model pairs were compared using an LRT with a w 2 distribution. Sites under positive selection in the M2a and M8 models were identified by the Bayes' Empirical Bayes (BEB) analysis implemented in PAML ). These codon-based likelihood models are designed to detect episodic or diversifying selection but may be inadequate to detect directional selection, especially when amino acids changes associated with such selection have only occurred once.
Although the PAML models (and codon-based likelihood models in general) have recently come under statistical criticisms (Friedman and Hughes 2007; Suzuki 2008; Nozawa et al. 2009a Nozawa et al. , 2009b , these criticisms have largely been refuted and the models shown to have robust statistical properties (Yang et al. 2009; Yang and dos Reis 2011; Weadick and Chang 2012a; Zhai et al. 2012; Gharib and Robinson-Rechavi 2013) . The site models of HYPHY were also implemented for each subset of the RH1 data (using the Bayesian topology, except for PARRIS which was performed using both topologies) to ensure that allowing for variation in d S did not alter the conclusions of the analyses. The PARRIS model performs an LRT between a null model with three synonymous rate classes and two ! rate classes (constrained to equal 0 and 1, respectively) with an alternate model that adds an additional ! class that is free to vary (Scheffler et al. 2006 ). This provides an explicit test of positive selection under variable synonymous rates. The REL, FEL, and FUBAR models do not implement LRTs between a null and alternate model but instead estimate the ! value for each site in a comparable way to the BEB analysis of PAML (Kosakovsky Pond and Frost 2005; Murrell et al. 2013) . Comparisons between the BEB analysis of the M8 model and the REL, FEL, and FUBAR models were performed by graphing the estimated ! value for each site and by comparing the sites found to be under significant positive selection.
The branch-site model (Zhang et al. 2005) and CmC (Bielawski and Yang 2004) were used to test for positive selection along particular branches using the full RH1 alignment and gene tree. These models allow ! to vary among sites and between "foreground" and background branches, or clades, specified by the user, based on a priori hypotheses of where adaptive evolution may have occurred. The branch-site model has four site classes: 0) 0 < ! 0 < 1 for all branches; 1) ! 1 = 1 for all branches, 2a) ! 2a = ! 2b ! 1 in the foreground and 0 < ! 2a = ! 0 < 1 in the background, and 2 b) ! 2b = ! 2a ! 1 in the foreground and ! 2b = ! 1 = 1 in the background. CmC assumes that some sites evolve conservatively across the phylogeny (two classes of sites where 0 < ! 0 < 1 and ! 1 = 1), while a class of sites is free to evolve differently among two or more partitions (e.g., ! D1 > 0 and ! D1 6 ¼ ! D2 > 0), which can be branches, clades, or a mix of both. The main differences between the two models is that CmC does not assume positive selection in the divergent site class in the foreground and does not constrain that background to be under only negative and purifying selection. Instead, CmC allows separate, unconstrained estimates of ! for the third (divergent) site class for each partition. These models were used to determine whether significant differences in selection among clades highlighted by the random sites models are driven by a burst of selection in the lineage leading to each of the main clades. Analyses were conducted with the branch leading to all cichlids, African cichlids, and Neotropical cichlids, designated as the foreground. The branch-site models were compared with a null model where ! 2 is constrained to be equal to one. The null model used for CmC was M2a_rel, which does not allow divergence of ! in the third site class (but the ! value for this site class is still unconstrained; Weadick and Chang 2012a). The LRT using this model has a significantly lower false-positive rate than previous tests that compared the divergent model to the M1a model, which does not allow divergent selection, and also has one less site class (Weadick and Chang 2012a) . This comparison can lead to false positives when three site classes are a better fit than two, even if there is no divergent selection (Weadick and Chang 2012a) . To avoid local optima, each analysis was run at least four times with varying initial values of and !.
CmC was also used to test for differences in selection among clades and to determine what division of clades best fit the data, using the full RH1 alignment and Bayesian and ML gene trees. A priori knowledge of cichlid historical biogeography and ecology were used to direct the tests. CmC was recently extended to allow for more than two partitions (Yoshida et al. 2011) , allowing us to define clades in multiple, successive sets of partitions. The two-partition models were cichlids/outgroups, African cichlids/outgroups and other cichlids, African lake cichlids/outgroups and other cichlids, African river cichlids/outgroups and other cichlids, and Neotropical cichlids/outgroups and other cichlids. Three partition: African cichlids/Neotropical cichlids/outgroups, and lake cichlids (African lake cichlids)/river cichlids (African river cichlids and all Neotropical cichlids)/outgroups. Four partition: African lake cichlids/African riverine cichlids/ Neotropical riverine cichlids/outgroups. These partitions are defined and depicted in figure 1. Throughout the article, we often refer to these partitions only by the foreground, whereas the background partition that contains outgroups and possibly other taxa is not mentioned. In all cases, the background partition is present and includes whichever clades and branches were not placed in one of the mentioned foreground partitions. CmC analyses are prone to local optima (Bielawski and Yang 2004; Weadick and Chang 2012a) , so all models were run at least four times with varying initial and ! values to ensure convergence. The CmC analyses were compared with the M2a_rel null model as described earlier to test for the presence of divergent selection. The analyses with statistically significant LRTs were further analyzed to test if the ! value in the divergent site class was significantly different from one. This was done by constraining the ! of the divergent site class to be equal to 1 . Only a single partition could be tested at a time, so this was done sequentially for each partition thought to be under positive selection.
To statistically compare the results of our multipartition tests, we used the approach of comparing models with a difference of one partition with an LRT test and by AIC comparison to determine if the addition of a partition was a significantly better fit. The parameters of the M2a_rel null model and the two and higher partition CmC models are all nested (each adds an additional site class and associated free parameter). In most cases, the partitions were also nested and so the models could be compared with LRTs. In the cases where the partitions were not also nested the LRT was not strictly applicable, and so AIC was used to compare the models. Using this approach, we were able to test different hypotheses based on ecology and historical biogeography.
Some studies have used branch-site models to highlight multiple lineages or entire clades (Spady et al. 2005; Ramm et al. 2008; Yoshida et al. 2011; Smith et al. 2012; Badouin et al. 2013; Veilleux et al. 2013) , despite the fact that this method can lose power if selection pressures are different among foreground branches (Zhang et al. 2005 ) and can produce falsepositive results if assumptions are violated (Suzuki 2008) . We performed the same two-partition tests as were used with CmC using the branch-site model to compare the results between the two methods. The branch-site model cannot contain more than two partitions, so we could not replicate our multipartition tests. To compare the results of the branch-site model with CmC and to determine the overall best-fitting model, we used AIC comparisons.
We used the BEB method of PAML, and the REL, FEL, and FUBAR methods of HYPHY to determine which sites in the amino acid sequence were under positive selection in the rhodopsins of Neotropical, African river, and African lake cichlids (excluding any outgroups). Sites were deemed to be under positive selection if they had a posterior probability !80% (P 0.1 for FEL). Sites with posterior probabilities !95% were deemed highly significant. To directly compare sites under positive selection from the two main positively selected clades that differ in their ecological habitat (Neotropical and African lake cichlids), we chose to use to the most robust methods of PAML and HYPHY, M8, and FUBAR (Yang 2007; Murrell et al. 2013) . Sites identified as being under positive selection in African lake and Neotropical cichlids by these methods were mapped onto the meta-II (Choe et al. 2011) , and theoretical dimer ) 3D structures of rhodopsin (PDB accession numbers 1U19, 3PXO, and 1N3M, respectively) using PyMOL v. 1.5.0.4 (DeLano 2002) . Bovine rhodopsin numbering is used throughout.
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